The economically important brown stink bug, Euschistus servus (Say) (Hemiptera: Pentatomidae), is a native pest of many crops in southeastern United States and insecticide applications are the prevailing method of population suppression. To elucidate biological control of E. servus populations, we investigated two egg predators' (red imported fire ants, Solenopsis invicta Buren (Hymenoptera: Formicidae), and Geocoris spp. (Hemiptera: Geocoridae)) responses to both local and landscape factors that may have influenced their combined ability to cause mortality in immature E. servus. We estimated the density of fire ants and Geocoris spp. on four major crop hosts-maize, peanut, cotton, and soybean-in 16 landscapes over 3 yr in the coastal plain of Georgia, USA. Both Geocoris spp. and fire ant populations were concentrated on specific crops in this study, maize and soybean for Geocoris spp. and peanut and cotton for fire ants, but the percentage area of specific crops and woodland and pasture in the landscape and year also influenced their density in focal fields. The crop specific density of both taxa, the influence of the percentage area of specific crops and woodland in the landscape, and the variability in density over years may have been related to variable alternative resources for these omnivores in the habitats. Despite the variability over years, differential habitat use of fire ants and Georcoris spp. may have contributed to their combined ability to cause E. servus immature mortality.
Landscape complexity, typically measured as the amount of natural or seminatural habitat, often has positive effects on arthropod natural enemies. Indeed, four recent meta-analyses (Bianchi et al. 2006 , Chaplin-Kramer et al. 2011 , Shackelford et al. 2013 show that a higher proportion of natural or seminatural habitat in a landscape is associated with a higher abundance and diversity of natural enemies. The meta-analysis of Shackelford et al. (2013) analyzed the effects of both local complexity and landscape complexity on various arthropod species; they defined local complexity as measurement of the distance from a sample of arthropods (e.g., a pan or pitfall trap, or a transect walk) to field margins. Further, Houston et al. (2017) found that landscape diversity and plant vigor had a higher influence on biological control than did local diversity. Therefore, analyses of complexity at both local and landscape spatial scales may be important in predicting species response to noncrop habitat.
In a previous study (Olson et al. 2018) , we investigated the finite rate of population increase of the economically important brown stink bug, Euschistus servus Say (Hemiptera: Pentatomidae) in the major row crops-peanut, field and sweet corn, soybean, and cotton-in landscapes of southern Georgia. We found that E. servus reproduction was partly influenced by local-scale factors such as soybean and the combined density of all stages and species of Geocoris spp. Fallén (Hemiptera: Geocoridae) and fire ants, Solenopsis invicta Buren (Hymenoptera: Formicidae), suggesting that these species may cause significant mortality to E. servus immature stages. Because of their presumed importance in reducing E. servus reproduction, here we investigated the influence of landscape and local scale-factors on the density of these predators in the same landscapes previously studied (Olson et al. 2018) to identify factors that might be malleable to further enhance E. servus predation in the area. While a complex of generalist predators, which include Geocoris spp. and S. invicta, exert mortality as a group on stink bugs (Yeargan 1979 , Ragsdale et al. 1981 , Stam et al. 1987 , Van Den Berg et al. 1995 , Ehler 2002 , Tillman 2011 , sampling of the entire complex (an additional seven predators) was out of the scope of this study.
S. invicta is an exotic species in North America and is established in the southern United States and California (Lofgren et al. 1975 , Eubanks 2001 . The ultimate distribution in North America may be limited, as S. invicta lacks the ability to hibernate (Lofgren et al. 1975) , and arid environments slows their expansion (Porter and Tschinkel 1987, LeBrun et al. 2012) . Newly mated S. invicta queens select and thrive in open or heavily disturbed, often human-altered ecosystems for founding new colonies (LeBrun et al. 2012 , Tschinkel and King 2013 , King and Tschinkel 2016 , Tschinkel and King 2017 . In addition, when S. invicta penetrates undisturbed areas, their density is higher only when moisture is present (LeBrun et al. 2012) . Ants in general occupy many trophic positions within ecosystems feeding on a variety of items, including plant tissue, nectar, seeds and both vertebrates and invertebrates (Hölldobler and Wilson 1990 , Allen et al. 2004 , Tschinkel 2006 . Presence of S. invicta has been found to increase predation of both pest and beneficial arthropods by 20-30% in fields of cotton, Gossypium hirsutum L, and soybean, Glycine max (L) Merr (Eubanks 2001 , Eubanks et al. 2002 , Diaz et al. 2004 , and they can have positive, neutral and negative effects on a variety of arthropod species at the soil surface of cotton agroecosystems (Wickings and Ruberson 2011) . Olson and Ruberson (2012) determined that the dominant egg predator on the stink bug Nezara viridula L. (Hemiptera: Pentatomidae) differed by crop: S. invicta was the dominant egg predator in cotton and peanut, whereas long-horned grasshoppers (Tettigoniidae) were dominant egg predators in soybean.
Two species of Geocoris, G. punctipes (Say), and G. uliginosus (Say), are common and widely distributed in eastern North America. Of these two species, G. punctipes has been more thoroughly studied than G. uliginosus. This discrepancy may in part reflect the tendency of G. punctipes to climb on plants, whereas G. uliginosus spends most of its time on or near the ground (Readio and Sweet 1982, but see Torres and Ruberson 2006b) . Geocoris punctipes and G. uliginosus pass the winter as adults in reproductive diapause in temperate regions (Ruberson et al. 2001) . Both nymphs and adults of G. punctipes are abundant in several prominent cropping systems including cotton and soybean (Naranjo and Stimac 1985, Pfannenstiel and Yeargan 1998) . In addition, Geocoris spp. are prone to remain in habitats because of their ability to derive nutrients from plants (Eubanks and Denno 1999) . Because of the crop-specific mortality of S. invicta on stink bug eggs, and the tendency of Geocoris spp. to remain in habitats, we tested the hypothesis that crop and within-crop field variables explain more of the variation in fire ant and Geocoris spp. numbers and distribution than do landscape variables.
Materials and Methods

Sampling Plan
We selected two areas, one located in the southwestern and the other located in the east-central Coastal Plain of Georgia with a total of 16 landscapes, and sampled E. servus host crops in those areas (intensively produced maize, peanut, cotton and soybean) over 3 yr as discussed and illustrated in Olson et al. (2018) . Briefly, each field was sampled using two permanent parallel transects (spaced 30.5 m apart) running perpendicular to the edge of the field. All sampled field edges were adjacent to woodland. A total of 40 sampling points in 2009 (2 transects × 20 sample points = 40 sample points per field) and 60 sampling points in 2010 and 2011 (2 transects × 15 sample points = 30 sample points per field per year = 60 sampling points total over both years) were established along each transect. Thus, there were a total of 100 sample points per field over the 3 yr. The first sample was at 1 m into the crop from the crop edge for all years and in 2009, the next 19 samples were spaced at 5 m intervals, whereas in 2010 and 2011, samples 2 through 10 were spaced at 5 m intervals and the last 5 samples were spaced at 10 m intervals (= 101 m from crop edge for all fields). Samples alternated weekly from crop rows 1-5 to the left and the right sides of transects to reduce repetitive plant and population disturbance. Sampling of maize was done using a two-person, whole-plant visual count with the samplers on opposite sides of the maize row for a total sampling distance of 1.5 m (ca 8 plants/sample). Peanut was sampled using a Vortis suction sampler (15 cm diameter inlet, Burkard Manufacturing Company, Ltd., Hertfordshire, UK) with 12 × 3-s suctions at 7-8 cm from the soil surface (2121 cm 2 sampled per sampling station). Cotton and soybean were sampled using a 1.5-m drop cloth with 10 shakes per sample. In all crops, about 1.5 linear row-meters of plants were sampled at each point. Different sampling techniques were utilized to maximize capture of insects on each of these structurally different crops (Olson and Ruberson, personal observations) . Each crop field was sampled weekly beginning at the fruiting stage when E. servus is most abundant and ending with full maturity or harvest. Maize is an earlier planted crop than the other crops and was sampled from early June to August, and the other crops were sampled from mid-July to late September-October. Harvest or full maturity dates varied within and among crops. There were a total of 10,810 samples in maize, 17,906 in cotton, 18,050 in peanut, and 10,930 in soybean. The number of nymphs and adults of Geocoris spp. (almost entirely G. punctipes and G. uliginosus) and S. invicta were counted and recorded. A total of 181 fields were sampled.
Landscape Characteristics
For each landscape, we determined the percentage area of E. servus host crops-maize, peanut, cotton and soybean-and the percentage area of seminatural and natural habitat-woodland, pasture and noncrop stink bug hosts in woodland edges-or 'green veining' (GV). There were fourteen landscapes of 4.8 × 4.8 km (2,330 ha), and two landscapes of 5.3 × 8.3 km (4,399 ha), with the latter landscape size needed to encompass all required crop species (Olson et al. 2018) . We also determined the number of crop fields within 100, 500 and 1,000 m radii from the sampled fields as a measure of cropland connectivity. These distances were chosen because the stink bug prey species of the sampled predators have been observed dispersing up to 1,000 m per day by flight in search of feeding or oviposition sites (Kiritani et al. 1965) .
Local Field Characteristics
Local scale variables included sampled crops, the distance from the sampling point to the edge of the sampled field and the perimeter-to-area ratio (PA) of sampled crop fields.
Statistical Analysis
First, we investigated which factors explained Geocoris spp. and S. invicta density and distribution. We included three factors in this analysis: 3 yr, 16 landscapes, and three groups of four crop fields in each landscape. The design was a nested analysis of variance (ANOVA) (SAS Institute Inc. 1998) with years as whole plot factors and whole plot error defined by landscapes within years (error 1). The subplots were the crops (and crop interactions with year), and groups were the unit of replication (error 2) after removing all landscape interactions with crops (and landscape by crop interactions with year). The hierarchical structure of the ANOVA accommodated the nonindependence of samples within field. The natural logarithms of S. invicta and Geocoris spp. counts + 0.50 were analyzed because the variances of the untransformed data were heteroscedastic.
Second, we determined the set of landscape and local scale variables that best explained variation in Geocoris spp. and S. invicta density using the elastic net method for variable selection, in which LASSO is a special case (Hastie et al. 2009 ). The elastic net analysis is used to identify the best set of predictor variables, is insensitive to the ordering of variable inclusion or exclusion, as occurs in all stepwise methods, and is effective when predictors are correlated.
For the elastic net analysis, we included the following predictor variates at the landscape scale: the percentage area of GV in the landscape, the percentage area of specific E. servus crop hosts in the landscapes (maize, peanut, cotton, soybean), the percentage area of total crops and the number of crop fields within 100, 500, and 1,000 m from the sampled field as a measure of cropland connectivity. The number of crop fields at various distances from the focal field was not included in S. invicta analysis as this social species has complex foraging behaviors and distances travelled that are based on social form (mono-vs polygyene colonies), colony size, territoriality, and quality of food (Tschinkel 2011) . The predictor variates at the local scale included the distance from the sampling point within the sampled field to the field edge, counts of Geocoris spp. (differentiated by species but pooled for analyses), the perimeter-to-area ratio of the focal crop fields, counts of fire ants within the focal fields, focal crop species, and year. Factors with more than two levels were split into multiple binary dummy variables. All continuous variates were transformed to standardized normal variables.
We used K-fold cross-validation (Hooten and Hobbs 2015) to choose the best values of the regularization parameters, γ 2 and γ 1 , based on minimum value of the mean-squared error (MSE) (note: while other authors have represented the elastic net regulators as λ and α, we adopted the notation of Hooten and Hobbs (2015) to differentiate the elastic net regulators from our estimates of stink bug reproduction, λ in our previous study). These analyses allowed us to simplify the model to a LASSO model. We then used the truncated Gaussian test of Tibshirani et al. (2017) to calculate P-values and 95% confidence intervals for each predictor included in the LASSOselected best model.
All geospatial manipulations and analyses were conducted using ArcGIS for Desktop (Version 10.3, Advanced 2014). LASSO model selection was conducted using the glmnet and glmnetUtils packages in R 3.0 (Friedman et al. 2010 , R Core Team 2016 , Ooi and Microsoft 2017 . The truncated Gaussian test was performed using the 'selectiveInference' R package (Tibshirani et al. 2017 ). R code for running elastic net cross-validation and truncated Gaussian tests can be found at https://github.com/arzeilinger/ stink_bug_reproduction_lasso.
Results
There was a significant effect of year and of crop, and a significant interaction between year and crop on Geocoris spp. density (numbers per 1.5 linear row-meters of plants) (Table 1) . Geocoris spp. density was lower in 2009 than in 2010 and 2011 in all crops and highest in soybean in 2010 and in maize in 2011 (Fig. 1) . Crop had a significant effect on S. invicta density (Table 1) . Densities were significantly higher in soybean (mean ± SE = 0.55 ± 0.01, n = 10,930), than in maize (0.33 ± 0.01, n = 10,810), peanut (0.20 ± 0.004, n = 18,050), and cotton (0.13 ± 0.003, n = 17,906). Densities were also significantly higher in maize than in cotton and peanut (Fig. 1) . The ratio of nymphs to adults was higher in soybean (2.15) and maize (2.02) and lower in cotton (0.74) and peanut (0.85).
Year and crop significantly affected S. invicta density (numbers per 1.5 linear row-meters of plants), and there was a significant interaction between year and crop ( Table 2 ). In maize, S. invicta density was higher in 2011 than in 2009 and 2010 ( Fig. 2) . For cotton, their density was higher in 2010 and 2011 than in 2009, and was higher in cotton than in maize and soybean all 3 yr (Fig. 2) . Higher densities of S. invicta were found in 2010 peanut followed by 2009 peanut and then 2011 peanut. Crop also had a significant effect on S. invicta density (Table 2) . S. invicta density was significantly higher in peanut (5.02 ± 0.19, n = 18,050), than in cotton (3.42 ± 0.06, n = 17,906), maize (0.45 ± 0.05, n = 10,810), and soybean (1.14 ± 0.03, n = 0.02, n = 10,930). S. invicta density in soybeans consistently approximated a mean of 1 ant per sample all 3 yr.
For the elastic net analysis of Geocoris spp. densities (number per 1.5 linear row-meters of plants), cross-validation indicated that γ 2 = 1 resulted in the smallest mean-squared error (MSE). This reduces the elastic net analysis to a LASSO procedure and suggests that multicollinearity among predictor variates was of relatively minor importance. The best estimate of the regulator γ 1 (i.e., that produced the smallest MSE) was 0.0220. Geocoris spp. density was negatively associated with the landscape factors: percentage of GV, number of cotton fields at 100-m and 1,000-m radii, number of maize fields at 1,000-m radius, and number of peanut fields at 500-m radius. In contrast, densities were positively associated with the percentage area of cotton fields in the landscape and the number of maize fields at 100-m radii (Table 3) . For within-field variables, Geocoris spp. counts were positively related to the distance to the field edge and negatively related to the perimeter-area ratio of the focal fields. Geocoris spp. numbers were significantly lower in 2009 and in cotton fields; and were significantly greater in 2011 and in soybean and maize sampled fields (Fig. 1) . The percentage of all crops in the landscape was also included in the best model, though the magnitude was small and there was no significant relationship with Geocoris spp. counts. For the elastic net analysis of S. invicta density (number per 1.5 linear row-meters of plants), cross-validation indicated that again γ 2 = 1 resulted in the smallest MSE, and the best estimate of the γ 1 was 0.0282. For landscape variables, S. invicta density were negatively associated with the percentage area of maize and all crops combined in the landscape; at the same time, their density was positively associated with the percentage area of GV and the percentage area of soybean in the landscape (Table 3) . Maize and soybean had strong negative associations, whereas peanut had a strong positive association with S. invicta density (Table 4 ). Year 2011 had a negative association with S. invicta density (Table 4 ).
Discussion
Geocoris spp. and fire ant densities were associated with both local and landscape factors involving the identity and percentage area of specific crops and the percentage area of woodland and pasture in the landscape. This is consistent with the results of a previous study where both local and landscape scale processes were important in structuring populations of an omnivorous ground beetle species (Lucas and Maisonhaute 2015) . Two within-field factors-distance to the edge of the field and the perimeter to area ratio of focal fields-were also related to Geocoris spp. but not fire ant density. The number of specific crop fields at distances between 100 m and 1,000 m from the focal field were also associated with Geocoris spp. density, indicating that crop connectivity may also be important in structuring populations of these species. Geocoris spp. density differed over the 3 yr. Their densities were highest in 2011 and lowest in 2009. Geocoris spp. density can be highly variable over years (e.g., Davis 1981) and may be related to interannual variation in winter temperature ranges that occur in the study area and may influence the overwintering dynamics of Geocoris spp. (Ruberson et al. 2001) . In another study of local and landscape characteristics on ground beetles, Lucas and Maisonhaute (2015) also found high variability among years and they suggested that food availability for omnivorous species (prey, seeds, or other food items) also varies greatly between years thereby accounting for the yearly differences.
Several studies have identified a complex of predators, including Geocoris spp. and S. invicta, of eggs and nymphs of stink bugs through ELISA techniques, observations and sentinel eggs where their combined predation of the egg and nymphal stages of stink bugs can be high (Yeargan 1979 , Ragsdale et al. 1981 , Stam et al. 1987 , Van Den Berg et al. 1995 , Ehler 2002 , Tillman 2011 . Most of these studies were conducted on N. viridula, but in general, a similar complex of generalist predators were feeding on stink bug eggs and nymphs in various crops with the percentage that each species contributed to the complex being variable over crop, season, and year. Our study also indicates that Geocoris spp. and S. invicta together are important predators of E. servus, providing some support for the efficay of a complex of predators in causing stink bug mortality. In addition, potential reductions of reproduction of E. servus by Geocoris spp. due to their variability over years may be offset by the presence of other predator species in the complex, but this would need to be tested.
The positive relationship between Geocoris spp. density and soybean and maize crop may be due to the prevalence of nonprey food resources in these fields during the time of this study. Both soybean and maize are fed upon by G. punctipes (Stoner 1970, Naranjo and Stimac 1985) , and many Geocoris spp. were found in the silks of maize where there were high densities of pollen. Both maize and soybean also had the highest ratios of nymphs to adults, suggesting higher reproduction or higher survival of nymphs in these crops. This was also found in a previous study (Pfannenstiel and Yeargan 1998) . In addition, G. punctipes populations varied among closely spaced crop species, being more abundant in soybean and tomato than in maize and tobacco, suggesting crop-specific colonization preferences for these species (Pfannenstiel and Yeargan 1998) .
The focal and nearby cotton fields had negative associations with Geocoris spp. density, in part because of the relatively high frequency of insecticide applications in these fields (Olson et al. 2018 ). However, the percentage area of cotton in the landscape was positively associated with their density. Cotton was the dominant crop grown in the study area (Olson et al. 2018) and Geocoris spp. can be very prevalent and effective predators of various pests of cotton (Lingren et al. 1968 , Ali and Watson 1982 , Ruberson et al. 1994 . Cotton plants are also important in the ecology of G. punctipes (Torres and Ruberson 2006a) as this species prefers to oviposit on the plant terminals and young leaves of cotton which can serve as ready food supplements for nymphs (Torres and Ruberson 2006b ). There were relatively strong negative relationships between S. invicta densities and maize and soybean. S. invicta have been found to suppress the densities of many herbivorous insects in soybean (Eubanks 2001) and stinkbug eggs in maize (Tillman 2011) . The low density of fire ants observed on soybean and maize plants suggests that these plants were less preferred foraging sites possibly because of low availability of prey and nonprey resources during the study and/or unfavorable properties of the plants or fields for foraging. S. invicta nests were often present in these fields, suggesting that these ants may have foraged more on the ground than on the plants (Wickings and Ruberson 2011) , which would have biased sampling success to suction sampling (peanut) over visual (maize) and shakecloth (cotton and soybean) counts. However, efforts were made to take suctions from areas at least 7 cm above the soil and higher S. invicta prevalence in peanut over that in cotton and soybean has also been found in the canopy of peanut utilizing sentinel egg masses (Olson and Ruberson 2012) .
Peanut and cotton had positive associations with S. invicta density. This is supported by a previous study that showed the prevalence of this ant species and its importance in causing egg mortality in the stink bug Nezara viridula L. (Hemiptera: Pentatomidae) in these crops (Olson and Ruberson 2012) . Most commercial cotton varieties have an abundance of extrafloral nectaries that provide carbohydrate resources to S. invicta (Agnew et al. 1982) . Further, cotton can also support large populations of honeydew-producing species, especially aphids (e.g., Diaz et al. 2004) , which also benefit S. invicta populations. Peanut provides a dense ground cover that is amenable as a microhabitat for ants, especially as the season progresses and the canopy closes (Kharboutli and Mack 1991) , and is amenable to a variety of prey (Vogt et al. 2001) .
There was also a strong negative association between the percentage of all crops in the landscape and S. invicta density. This relationship is likely due to high soil disturbance in most crop fields because of the widespread use of conventional tillage in the study area; much higher S. invicta density has been found in conservation versus conventional tillage fields due to reduced soil disturbance (Stinner and House 1990) .
The percentage area of GV in the landscape had a significant and negative relationship with Geocoris spp. density. This is contrary to the often-positive relationship between noncrop habitat and insect natural enemies in landscapes (Bianchi et al. 2006 , Chaplin-Kramer et al. 2011 , Shackelford et al. 2013 . Geocoris spp. are omnivorous (Eubanks and Denno 1999 , Tillberg et al. 2006 , Torres and Ruberson 2006a , Resasco et al. 2012 , and this ability to use food resources from different trophic levels may allow them to remain in a habitat for longer periods of time despite variation in availability of any one prey (Coll and Guershon 2002) . The percentage area of GV was mainly comprised of woodland (planted and natural pine and oak species), which may not have provided needed resources for these species, which may prefer arable land. For example, Schmidt et al. (2008) found negative associations between the abundance and diversity of spiders and noncrop habitats for several species which are known to have strong preferences for arable land. In contrast, S. invicta density was strongly and positively associated with the percentage area of GV in the landscapes, which is consistent with other studies of natural enemy species (Bianchi et al. 2006 , Chaplin-Kramer et al. 2011 , Shackelford et al. 2013 . S. invicta often nest in woodland (Cook et al. 1997) where there is relatively little soil disturbance. Therefore, woodland may provide S. invicta a spatial and temporal refuge from soil disturbance which may result in woodland being a source of S. invicta into fields and a positive relationship between their density and percentage area of woodland in the landscape.
There were no significant relationships found between the density of Geocoris spp. and S. invicta, suggesting that these predators have minimal influence on each other (but see Eubanks 2001) . However, Geocoris spp. density and reproduction and/or nymphal survival were higher in maize and soybean than in cotton and peanut, where S. invicta density was the highest. Site selection for initial colonization may be very important in affecting spatial distributions of Geocoris spp. and S. invicta as predators of E. servus, especially for ants that establish sedentary colonies (Tschinkel and King 2017) . In addition, subsequent differential reproduction, susceptibility to insecticides and the presence and activity of natural enemies of Geocoris spp. and S. invicta can also contribute to differential spatial distribution of these E. servus predators.
In summary, our hypothesis that densities of the two taxa would be influenced more by local than landscape scale characteristics was only partly supported; the percentage area of specific crops and woodland and pasture in the landscape also influenced their density in focal fields. The variability in the density of both taxa over years may have been related to variable alternative resources for these species in cropland and woodland habitats. Despite the variability over years, the differential habitat use of S. invicta and Geocoris spp. may have contributed to their combined ability to cause E. servus immature mortality. The density of the two taxa we studied were associated with significant reduction in E. servus reproduction, suggesting that additional mortality from other predators in the reported stink bug complex could be highly significant in the crops studied.
